
INTRODUCTION 

The Appalachian reg ion  contains  numerous coa l  seams which are under 60 inches 
i n  thickness. 
niques a f t e r  contour s t r i p p i n g .  
be gasif ied to  produce a low Btu fue l .  
t o  very t h i n  seams (below 40 inches i n  thickness) i s  l imited by the  reduction of 
t h e  heating value of t h e  gas. 
t o  the  surrounding s t r a t a .  The purpose of t h i s  work w a s  t o  evaluate  t h e  per t inent  
fac tors  a f f e c t i n g  the  gas composition and t h e  l imi ta t ions  of modeling calculat ions.  
The l o g i c a l  sequences leading t o  a gas composition model and t h e  estimation of the 
temperature p r o f i l e  i n  t h e  gas i f ica t ion  zone were presented. The ava i lab le  l i t e r a -  
t u r e  da ta  r e l a t e d  t o  t h e  var ious ca lcu la t ion  techniques were a l s o  quoted. 

A por t ion  of  this  coa l  i s  usual ly  recovered by Auger mining tech- 
A t  l e a s t  f i f t y  percent of the  remaining coal may 

The appl ica t ion  of underground g a s i f i c a t i o n  

This reduct ion is  caused by an excessive heat  l o s s  

PARAMETERS AFFECTING THE GAS COMPOSITION 

The t o t a l  hea t  l o s s e s  during t h e  i n  s i t u  g a s i f i c a t i o n  a f f e c t  s i g n i f i c a n t l y  t h e  
gas composition and i ts  hea t ing  value.  
p r o f i l e  of t h e  g a s i f i c a t i o n  zone. 
composition and compare th i s  composition t o  t h e  da ta  obtained from t h e  experimental 
tests. A second approach involves  a predict ion of t h e  temperature p r o f i l e  of the 
gas i f ica t ion  zone. The g a s i f i c a t i o n  of coa l  seams having a thickness from one or 
more meters i s  considered here .  The combustible gases formed during t h e  underground 
forward g a s i f i c a t i o n  mode a r e  obtained by p y r o l i t i c  coa l  decomposition superimposed 
upon the  g a s i f i c a t i o n  products. A s  f a r  a s  t h e  g a s i f i c a t i o n  i s  concerned, t h e  
reac t ion  of coa l  with t h e  steam and/or hydrogen i s  of paramount importance because 
tfiiFiTEh~iT7ZEFiFwtiiZhprodGEeFa gaFe5Us b-unable product 0-f heating value 
above 100 Btu/SCF. The r a t i o  of the t o t a l  amount of water ( i n  t h e  form of coa l  
moisture plus  inf low of water o r  steam) t o  t h e  supplied amount of oxygen seems to 
be a predominant f a c t o r  i n  maximizing gas heat ing value f o r  t h e  defined leve l  of 
t o t a l  heat  losses .  

A heat  balance r e s u l t s  i n  a temperature 
One modeling approach i s  t o  ca lcu la te  the gas 

In  general, t h e  gas  composition of t h e  underground gas i f ied  coal  depends on 
t h e  v o l a t i l e  content ,  t h e  seam moisture, t h e  b l a s t  a i r  moisture content, and t h e  
chemical r e a c t i v i t y  of t h e  coke. The gas i f ica t ion  e f f ic iency  and combustion 
s t a b i l i t y  a r e  s e n s i t i v e  [Stewart gt. (24)] t o  the  optimum combination of the  
coa l  seam moisture and of b l a s t  a i r  moisture. 

The r e a c t i v i t y  of a p a r t i c u l a r  coal i s  a funct ion of t h e  chemical propert ies  
of its organic and mineral  cons t i tuents  and of t h e  physical  s t r u c t u r e  of t h e  coal; 
general ly ,  i t  is  observed t h a t  t h e  coal  r e a c t i v i t y  i n  g a s i f i c a t i o n  increases  with 
decreasing coa l  rank and i s  proport ional  t o  the  i n t e r n a l  sur face  a rea  [Schora, F. 
(23) l .  When experimental values  f o r  the r e l a t i v e  low-rate gas i f ica t ion  r e a c t i v i t y  
f a c t o r s  (f ) a r e  not  ava i lab le ;  values  f o r  many coal  [Johnson, S. L.  ( U ) ]  may 
be estimatgd from the  fol lowing equation: f = 6.2 y (1-y) where y i s  the mass 
f a c t i o n  of t o t a l  carbon i n  the  o r i g i n a l  coaloon a dry ash-free bas i s .  
t ions  during a pyro lys i s  of t h e  coa l  a f f e c t  the  physical  na ture  of t h e  char and 

The condi- 
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its r e a c t i v i t y .  
energy i s  high (80-70 kcal/mole), the  react ion r a t e  i s  low and t h e  composition of 
gas is l imited by t h e  k i n e t i c  reac t ion  r a t e ;  i n  the  temperature range 700-750" C 
t h e  diffusion process through the  pore s t r u c t u r e  i s  a l imi t ing  fac tor .  However, 
[Limears gal. (19)] have shown t h a t  f o r  some coa l  types t h e  p a r t i c l e  s i z e  has 
nearly no effect upon the  char react ion rate. 

I n  general ,  the  r a t e  of t h e  steam-hydrogen reac t ion  with t h e  coal  depends on 

I n  t h e  temperature range 600-700" C ,  where the  apparent a c t i v a t i o n  

many var iab les  such as: temperature, pressure,  character  of the  coa l  s o l i d  sur face  
and t h e  amount of v o l a t i l e  mat ter  i n  coal. The f i r s t  s tage of t h e  reac t ion  i s  rap id  
and is r e l a t e d  to  the  g a s i f i c a t i o n  of the carbon port ion included i n  t h e  v o l a t i l e  
matter. The low r e a c t i v i t y  coal  port ion i s  the res idua l ,  carbonaceous coke. This 
s tage  i s  usual ly  denoted as (1) C* + H20 + CO + H2 and (2)  H2 + H 2 0  + 2C 2 CO + 
CH where C* i s  t h e  r e a c t i v e  carbon i n  the  v o l a t i l e  matter. Most coals  a r e  made up 
of a number of marcels which d i f f e r  i n  t h e i r  r e a c t i v i t y .  [Davis st. (19)l found 
a r e a c t i v i t y  order  fus ian  < durain < v i t r a i n .  

4 

The endothermic reac t ion  of steam with carbon is of primary importance. These 
endothermic reac t ions  a r e  maintained by t h e  enothermic oxidat ion reac t ion  of carbon 
and oxygen. 

The higher a c t i v a t i o n  energy observed f o r  t h e  carbon reac t ion  with the  steam- 
hydrogen mixture indicated an i n h i b i t i n g  e f f e c t  of hydrogen (and/or methane) on the  
char-steam react ion.  
pressure r a i s e d  t o  t h e  0.93 power [Johnson (15)l .  

[Young et&. (30)] reported on the  e f f e c t  of t h e  steam upon t h e  methane pro- 

The r e a c t i v i t y  of such a mixture w a s  proport ional  t o  t h e  steam 

duction and t h e  s h i f t  reac t ion  under conditions t h a t  a r e  s imi la r  t o  those of under- 
ground gas i f ica t ion .  Wyodak and Hanna char was used. No carbon monoxide was de- 
tected for  t h e  steam-char g a s i f i c a t i o n  process t o  ind ica te  t h a t  t h e  water s h i f t  
reac t ion  CO + H20 
probably ca ta l ized  by the  ash content i n  t h e  char. Introduct ion of steam during 
t h e  pyrolysis  period doubled the  r a t e  of methane production. The r a t e  of methane 
production was 20 percent of t h a t  of  carbon dioxide. Russian inves t iga tors  have 
reported s imi la r  data .  

-+ C02 + H2 had taken place. The gas s h i f t  reac t ion  was 

Experimental k i n e t i c  da ta  ind ica te  t h a t  we w i l l  not  be ab le  t o  use equilibrium 
compositions i n  making our modeling calculat ions.  

We compare below the  equi l ibr ium composition of wet water gas a t  900' C and 
1000" C and t h e  k i n e t i c  data  of t h e  reac t ion  between t h e  flowing gas (0.7 - 0.9 
m/sec) and t h e  carbon p a r t i c l e s  2-3 m. i n  t h e  reac tor  (data according t o  [Kaftawov 
_ _  e t  a l .  (17)l). 

TEMPERATURE EQUILIBRIUM COMPOSITION COMPOSITION ACCORDING TO 
DATA KINETIC DATA 

@ %H2 %COz %co %H2 %CH4 - - - _ _  

900° C (1652' F) 45 50 10 .1  34.6 55.2 0.1 

1000" C (1832" F) 50 50 8.8 38.1 52.9 0.2 

The equi l ibr ium constant may be calculated from the  Gibbs f r e e  energy (G): AG 
= R T llnk where AG = AH - T A S.  
and t h e  temperature is  expressed usually by the  equat ion (p = cons t ) :  

The cor re la t ion  between t h e  equi l ibr ium constant 
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&nk = +Jy + a (where a i s  an in tegra t ion  constant) .  

Several d i f f i c u l t i e s  a r e  encountered i n  a discussion of the k i n e t i c s  of coal 
gas i f ica t ion .  
a r e  important up t o  temperatures between 600-700" C ,  usual ly  only the data  above 
700°C are  analyzed t o  obta in  the k ine t ic  constant. Laboratory experiments show 
t h a t  during t h e  coa l  burn-off versus time s tudies  a gradual induction period is 
followed by a region i n  which burn-off increased with a t i m e .  
a c t i v i t y  (R) may be ca lcu la ted  from the equation: 

Since the  e f f e c t s  of coal devola t i l i za t ion  on the  product gas r a t e s  

Instantaneous re- 

1 dw 
Rt  = ( - )  (dt) 

dw 

increa96s and 
where W i s  t h e  weight of t h e  unreacted char on a dry-ash f r e e  b a s i s  and - i s  the 
s lope of the burn-off versus  t i m e .  
o f ten  W is replaced by Wo ( s t a r t i n g  weight) and 
of weigft l o s s .  

For the reac t  on i n  the air R 
t W  i s  taken f o r  Ehe maximum r a t e  

The f i r s t  p r inc ipa l  reac t ion  which occurs during the  underground coal  g a s i f i -  
ca t ion  process is t h e  pyrolysis .  
composition of the  v o l a t i l e  products from a given sample of coa l  or  char depends on 
t h e  r a t e  of heat ing,  the  f i n a l  decomposition temperature, t h e  vapor residence time 
and the  environmental condi t ions such as applied pressure,  p a r t i c l e  s i z e ,  coal 
type, e tc .  under which the  pyrolysis  takes place. 

The r a t e  of pyrolysis  a s  w e l l  as  the  amount and 

Normally pyrolysis  starts a t  about 350"-400" C and i s  completed a t  about 1000" 
C.  The r e a c t i v i t y  with steam, oxygen, hydrogen o r  carbon dioxide during the  
pyrolysis  of coa l  i s  mainly a function of t h e  v o l a t i l e  matter and the  rate of heat- 
ing.  

GASIFICATION RATE OF CHAR I N  THE CARBON DIOXIDE ATMOSPHERE 

The react ion between t h e  char and carbon dioxide is hardly detectable  below 
t h e  temperature 800-900' C. According to  Wen, C.  Y. et&. (4 )  the  ac t iva t ion  
energy is  about 59.26 kcal/mole which indicates  chemical-reaction control .  The 
following mechanism was proposed by Walker (28): 

~ _ _  
T 

(9) 
c + c o  -.-L CO(a) + co- 

2 (8) 
T 

''(a) A co (9) 

Experimental da ta  indicated t h a t  the order of react ion with respect  t o  C02 can 
be assumed t o  be uni ty  up t o  about one atmosphere pressure. 
temperatures, the  d i f f u s i o n  res i s tance  within t h e  s o l i d  p a r t i c l e  may become sig-  
n i f i c a n t  and therefore  an e f fec t iveness  f a c t o r  must be introduced f o r  such cases. 

However, a t  higher 

According t o  Wen et&. (4) the r a t e  of the char-carbon dioxide react ion i s  
found t o  depend on the  coal  o r i g i n  more than on the gas i f ica t ion  scheme used. The 
var ious ra te  c h a r a c t e r i s t i c s  of coa ls  and chars a r e  apparently due t o  the  d i f f e r -  
ence i n  the i r  p o r e  c h a r a c t e r i s t i c s .  

GASIFICATION RATE OF CHAR ON OXYGEN-ATMOSPHERE 

The react ion r a t e  i n  t h e  temperature range 424-576" C using a i r  w a s  determined 
recent ly  by C.  Y.  Wen Zt. (4). 
vers ion of 10-50 percent; the  maximum depended on t h e  sample used. 

The r a t e  of reac t ion  showed a maximum a t  a con- 
The observed 

242 



maximum reac t ion  r a t e ,  dx/dt ,  was 1.67 x 
reac t iv i ty  of  the  char i s  determined by chemical k ine t ics  and depends more on the  
extent of t h e  gas i f ica t ion  of the char ra ther  than on the parent coal. 

In the temperature range 834-1106" C ,  the  rac t ion  r a t e s  appear t o  correspond 

sec-A . Under these conditions t h e  

to  a film-diffusion cont ro l  regime. 
conversion degree u n t i l  about 80 percent conversion is  reach$. 
c a l  p a r t i c l e  shape, the average r a t e  at 1000° C was 1.8 x 10 
nitrogen-air mixture w a s  used as  the l o w  oxygen concentration source. 

The r a t e s  do not  change s i g n i f i c a n t l y  with 
A s  uming a spheri-  7 g/cm s atm. A 

THE GASIFICATION RATE OF CHAR I N  THE HYDROGEN-ATMOSPHERE 

A. Tomite gt. (26) invest igated the  r e a c t i v i t y  of a char which was prepared 
a t  1000° C .  
slow induction period followed by a r a t e  increase.  
increases as  the rank of the  parent coal decreases. Removal of mineral matter 
profoundly a f f e c t s  the  r e a c t i v i t y  p r o f i l e  of chars. 
r a t e  decreases with mineral-matter removal. 

Usually the r e a c t i v i t y  p r o f i l e  of a majority of the chars shows some 
The react ion r a t e  generally 

I n  most cases  t h e  react ion 

The pseudo-activation energy changes from 150 kcal/mole t o  about 213 kcal/mole 
with increased conversion of the char. 

According t o  F e i s t e l  et&. (6) the k i n e t i c  constant of hydrogasif icat ion is  
strongly a f fec ted  by the  hydrogen pressure and w a s  expressed by the  equation: 

0.00402 em. (-5200/T) P2 H, 
= 1 + 0.000648 exp. (4100/T) 

HZ 

The gas i f ica t ion  r a t e  with steam-hydrogen, resu l ted  i n  t h e  experimental 
equation, which shows a s i g n i f i c a n t  e f f e c t  of the  temperature upon the  g a s i f i c a t i o n  
r a t e .  

The ac t iva t ion  energy f o r  the k ine t ic  equation rate w a s  33,600 c a l /  mole and 4 the  frequency fac tor  was 2.51 x 10 R/min. 

THE REACTION RATE OF CHAR I N  STEAM ATMOSPHERE 

Linares et&. (19) found t h a t  i n  general the char r e a c t i v i t y  was re la ted  t o  
the steam react ion and decreased with an increase i n  the  rank of the parent coal. 
However, a considerable spread i n  r e a c t i v i t i e s  of char produced from coals  of sim- 
i l a r  rank was observed. Removed of mineral matter diminished the  char r e a c t i v i t y  
but the removal of mineral matter a l s o  resu l ted  i n  a profound change i n  the sur face  
area and porosi ty .  The influence of each of these var iab les  i s  d i f f i c u l t  to  ac- 
cess. 
t i o n  energy of 42  kcal/mole. Above 890" C ,  the  reac t ion  is d i f fus ion  control led 
and has an ac t iva t ion  energy of 18 kcal/mole. The reac t ion  r a t e  was found t o  be 
proportional to  steam pressure ra i sed  to t h e  0.60 power. 

Below 890' C the  react ion i s  chemically control led with an apparent ac t iva-  

The r a t e  of gas i f ica t ion  of bituminous coal i n  the  (H20 - H2) mixture i n  t h e  
temperature range 700-1100° C was invest igated by F e i s t e l e t  &. (6) .  The k i n e t i c  
constant f o r  steam decomposition was a function of steam pressure and temperature. 
The r a t e  of reac t ion  f o r  a pressure higher than 10  atm. was described as :  

- -  d"B - K (1-%) 
d t  

where X i s  base carbon conversion degree; t - t i m e ;  k-kinet ic  constant B 



6 4 - 1.88 x 10 exp (-2.24 x 10 / T )  P 
H2° 

4 (1 -k 1.56 x lo5  exp (-1.65 x 10 IT) P 
H2° 

base carbon a s i f i e d  x =  B base carbon i n  fEed coal  char to Johnson) 

THE CHAR REACTIONS I N  THE CONDITIONS OF UNDERGROUND GASIFICATION 

One possible  approach is  t o  ca lcu la te  t h e  residence t i m e  of the  char i n  the 
high temperature zone of 1500-1800° F. The thickness of the coke zone (coal with 
10 pe rcen t  seam moisture) would be about 0.5 m; f o r  the brown coal a t  50 percent 
moi t u r e  t h i s  i s  about 15 cm assuming the advance r a t e  of burning zone about 0.1 x 
10 m/sec. The obtained residence time (40-130 hour range) implies tha t  the seam 
moisture and v o l a t i l e  content a r e  more s igni f icant  fac tors  than t h a t  of char re- 
a c t i v i t y  upon the o v e r a l l  reac t ion  ra te .  

THE EFFECT OF THE BLAST INTENSITY AM) GASIFICATION ZONE ADVANCEMENT RATE ON THE 
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HEATING VALUE OF PRODUCED GAS 

A Russian inves t iga t ion  [Ludin et&. (20)l has shown tha t  the optimum b l a s t  
r a t e  depends on t h e  thickness  of the coal seams. It was explained t h a t  the thicker  
seams have a l a r g e r  water in t rus ion  r a t e  than the  thinner  seams. 
as  the  b las t ;  there  i s  an  optimum water t o  air  r a t i o  t h a t  gives a maximum heating 
value of produced gas. On t h e  other  hand, i t  w a s  observed the  gas i f ica t ion  f ront  
advancement increased with t h e  higher b l a s t  rate. Therefore a c e r t a i n  gas i f ica t ion  
f r o n t  advancement r a t e  w i l l  correspond t o  the  optimum gas heating value. 

I f  a i r  is used 

THE EFFECT OF THE PEAK GASIFICATION TEMPERATURE UPON THE HEATING VALUE 
OF THE GAS PRODUCED 

The lower concentration of hydrogen caused by t h e  lower temperature gasif ica-  
t i o n  does not  necessar i ly  lead t o  a low Btu product gas s ince  a higher methane 
y ie ld  may be obtained i n  some cases. For  example, Gregg &. (10) found, during 
some underground t e s t s ,  6 . 3  percent of methane i n  t h e  gas produced. Fisher st. 
(7) made the observat ion t h a t  the  presence of steam resu l ted  i n  a higher concentra- 

promotes the reac t ion  of hydrogen and char o r  the  following methanation react ion 
CO + 3H2 
matter m the  char. 

- xion-of-merhane in-che produced gas. It couid be  explained chac eicher  tne sceam 

CH4 occurs. This methanation reac t ion  could be catalyzed by the mineral 

INSTABILITY AND UNCERTAINTY FACTORS I N  THE UNDERGROUND GASIFICATION MODELING 

The following f a c t o r s  would lead to i n s t a b i l i t y  of the gas i f ica t ion  process 
and may r e s u l t  i n  a l a r g e  modeling error: 

1. 

2 .  

Change i n  coa l  and strata permeability. 

Rapid water in f lux .  
combustion zone o r  i t  may intrude downstream of t h e  combustion zone. 
I n  theory a n  optimum w a t e r  ins t rus ion  e x i s t s  for  any air  b l a s t  in jec t ion .  
In  p r a c t i c e  of the gas i f ica t ion  usual ly  has a higher water ins t rus ion  
r a t e  than d e s i r a b l e  and operates  on the  water r i c h  s ide  of optimum. 

Rapid channeling of gas i f ica t ion  process. 

The water may intrude upstream and go through the 

3. 

4 .  Rapid gas  o r  a i r  leakage t o  the s t r a t a .  

The purpose of t h i s  study is t o  formulate a s p e c i f i c  theore t ica l  descr ipt ion 
of the  forward combustion process of t h i n  coal  seams (one t o  severa l  meters thick- 
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ness) and t o  e s t a b l i s h  the base which would allow to  compare the model predict ion 
t o  the eventual r e s u l t s  of the  f i e l d  t e s t s .  It seems to  be worthwhile to  mention a 
few recent publ icat ions r e l a t i n g  to  the i n  s i t u  gas i f ica t ion  modeling. Different  
methods of g a s i f i c a t i o n  and various geological formation lead t o  d i f f e r e n t  math- 
ematical models. For example modeling were presented by Kotowski (18) and by Gunn 
and Whitman (12) i n  the  study of reverse  and forward combustion. Thorsnes described 
the  evaluation of thermal f r o n t  measurements and pressure drop versus flow ra te .  
The longwall generator modeling was reported by Sawer and Shuck (22) .  Some pre- 
liminary ana lys i s  w a s  given by Gidaspow (9) .  
gas i f ica t ion  modeling is t o  be able  to  pred ic t  the  gas composition and p e r m i t  the  
development of improved gas i f ica t ion  control  s t r a t e g i e s .  
[Yauagimoto ( 2 9 ) ]  have shown a s ign i f icant  e f f e c t  of the gas i f ica t ion  zone temp- 
e ra ture  upon the gas composition. It seems t o  be d i f f i c u l t  t o  perform an adequate 
hea t  balance and t o  ca lcu la te  the  r e s u l t i n g  temperature of the gas i f ica t ion  zone 
considering such phenomena as: 
through a c e r t a i n  temperature; porous coke s t r u c t u r e ,  contact a rea  between the  
flowing gas and gass i f ied  coa l  e tc .  Therefore the  measurements of t h e  gas i f ica t ion  
zone temperature of the  t h i n  seams has been proposed. The equilibrium da ta  calcu- 
l a t e d  for  the system v o l o t i l e  - gases from carbon react ing with oxygen, carbon 
dioxide e tc .  a t  the determined temperature, superimposed by the  gas composition 
resu l t ing  from the k i n e t i c  of char burn out  and s h i f t  reac t ion  would give the  
resu l t ing  composition of produced gas. 

The p r a c t i c a l  purpose of underground 

The experimental data  

thermoplastic behavior as the  coal  is heated 

MODELING OF GAS COMPOSITION FOR THE I N  SITU GASIFICATION 

The logica l  object ives  of f i t t i n g  equations t o  experimental da ta  a r e  twofold: 
to  estimate t h e  e f f e c t  f o r  each of the  independent var iab les  and t o  be ab le  t o  
predict  the responses. The preliminary examination of experimental d a t a  should 
lead to: 

1. Ordering ( i n  the  space o r  time) 

a. L i s t  and magnitude of independent var iab les  
b. Locate t h e  c lus te rs  f o r  es t imat ion of e r ror  

2. Plot t ing  

a. Factor or  var iab le  space 
b. T i m e  sequences 

The next s tage  is the  construct ion of s p e c i f i c  equations according to  the  
experimental data .  

The calculat ion of gas composition requi res  a l i s t i n g  of independent experi- 
mental var iables ,  as below: 

Rate of air  b l a s t  (and the oxygen concentration i n  the  case of a i r  
enrichment). 
temperature p r o f i l e  and flame f r o n t  veloci ty .  

a i r  m o i s t u r e  and water inf lux.  This is obtained from the  t o t a l  mass 
balance and measurements. 

Composition and rate of gas production. 

1. 
This fac tor  is i n t e r r e l a t e d  to  the r a t e  of gas production; 

2 .  Total  r a t e  of water moisture supply consis t ing of coal moisture; b l a s t  

3 .  

4. Rate of carbon combustion (calculated from point 3.) 
5. Coal proper t ies  such as moisture, ash, content of v o l a t i l e ,  c a l o r i c  

value, conductivity. 
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6. Coal combustion character izat ion such a s  char r e a c t i v i t y ,  r a t e  of 

7 .  

pyrolysis  reac t ion .  

Temperature p r o f i l e  of the gas i f ica t ion  zone with ve loc i ty  flame f ront .  
The temperature p r o f i l e  follows from the t o t a l  energy balance. 
-- et  a l .  (29) observed t h a t  the c a l o r i f i c  value of t h e  gas produced is  
sens i t ive  t o  t h e  combustion temperature of underground gas i f ica t ion .  

Yanagimoto 

The calculat ion program is  presented below: 

100 Mass balance of oxygen and t o t a l  water. Water i n f l u x  and a i r  leakage (from 

200 

201 

202 Rapid reac t ion  (oxygen, hydrogen, steam) with v o l a t i l e  carbon. Gas composi- 

203 Char react ion with gas  phase (oxygen, carbon dioxide, steam). Gas composition 

204 

material balance). 

The react ion r a t e  and resu l t ing  gas composition a t  the equivalent average 
temperature of t h e  g a s i f i c a t i o n  zone. 

Pyrolysis of coa l  and the  tar and gas composition derivated from Kinet ic  
equations. 

t i o n  derivated from equilibrium data. 

derivated from k i n e t i c  data .  The conversion react ion.  

Calculation t h e  r e s u l t i n g  carbon monoxide, hydrogen and carbon dioxide con- 

Estimated c lus te r  of e r rors .  

300 

301 
302 
303 
304 
305 
306 
307 

- 

centration. 

Energy balance and t h e  temperature prof i le .  

The general energy balance of the s o l i d  phase. 

Heat s ink  by conduction for  surrounding mater ia ls .  

Heat s ink by convection to t h e  flowing gases. 

Heat losses  to  the  ash. 

Heat used f o r  t h e  water-steam system. 

Dependent f a c t o r :  r a t e  of combustion. 

Problems r e l a t e d  to the  boundary conditions. 
~- - 

- 100 
follows : 

The conservation of mass equations for  oxygen and t o t i  water woul be a s  

[Rate of oxygen (water) m a s s  i n ]  - [Rate of oxygen (water) mass out ]  + [Rate Of 

generation of oxygen (water massf3 - [Rate of accumulation of oxygen ?water mass] 
= o  4 

Due considerations have to  be given f o r  the  moisture content of the  a i r ;  the  
gas i f ied  coal ;  s o i l  or  rock;  the s t r a t a  of t h e  roof i n  the  a rea  of gasif ied coal; 
and gravi ty  inf lux  of water respect ively a s  w e l l  as the  moisture dissociated i n  t h e  
heterogeneous reac t ion  zone and the  undissociated moisture i n  the heterogenous 
reac t ion  zone). 
Kalashinitkov et&. (16). The mass balance of w a t e r  (being i n  a form of coal  
moisture; t h e  water i n f l u x  and b l a s t  moisture) and its discrepancy would show the  
magnitude of seam water in f lux  and the r a t e  of steam decomposition r a t e .  The con- 
t i n u i t y  equation f o r  these mass balances could be presented as follows: 

The formula t o  ca lcu la te  these water types has been summarized by 

. A mass) = const. 
a - ax (A mass) + m * r + a 

atime 'b 
where A m can be ca lcu la ted  as  the weight f r a c t i o n  of the  component i n  the injected 
air and 0 m . r i s  an  oxygen (water) reac t ion  r a t e  function. The mass balance of 
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oxygen and its discrepancy would ind ica te  the gas ( a i r )  leakage r a t e  and the r a t e  
of steam decomposition due t o  the r e a c t i o s ,  e .g . ,  

H20 + C -f CO + H2 
- 200 The k i n e t i c  data  concerning the coal devola t i l i za t ion  (pyrolysis)  and the  
combustion of the  matter devolat i l ized from coal should be applied i f  r e l i a b l e  
predict ion i s  t o  be obtained. 

- 201 
described by two functions: 

= K (T) @ (a)  where 

The k i n e t i c  r a t e  (r) of coal  p y r o l i s i s  under non-isothermal conditions can be 

V t  a = 3 V t  i s  t h e  volume of the  product i n  time dcx 
d t  

r = -  

t and Vm is the f i n a l  product volume a t ta ined  a t  the end of t h e  react ion.  
function K (T) i s  only temperature dependent, while (a)  is  a funct ion of the in-  
stantaneous phase composition. 
f i n a l  equation i n  which the  r a t e  of gas production i s  expressed as  follows: 

The 

Using the Arrhenius equation one may obtain t h e  

-E A & -E/RT exp - - - dv Av- 
d t  RT C E  e 
- = -  

dT 
d t  The heat ing r a t e  i s  denoted here as c = -. A s  an example w e  use t h e  follow- 

ing experimentally determined k ine t ic  parameters (according to Campbell (2) f o r  
subbituminous coal  types). 

K I N E T I C  PARAMETERS 
b 

GAS PEAK AREA x A (min-l) E (Kcallmole) 

22.3 3 HZ 100 1 . 2  x 10 

32.3 1.0 x 10’ 31.0 

19.5 53.6 3.3 x 10 

co 30 3.3 l o 3  18.0 

CH4 

co2 
4 

Pyrolysis of the  la rger  coal p a r t i c l e s  was described by Forrester  (8).  

- 202 The devola t i l i zed  compounds, resu l t ing  from the  coal  pyrolysis ,  burn with 
oxygen. 
sec. depending on the  temperature of the  gas i f ica t ion  zone. Therefore, the  assump- 
t i o n  tha t  the  equilibrium composition i s  formed i n  t h i s  zone, seems t o  be  j u s t i -  
f ied .  When the s t a t e  of the system is such t h a t  AG = 0 no process will occur and 
the  system i s  a t  equilibrium. 
g i  where N i  is the  number of moles of i and Agi is the  molar s p e c i f i c  Gibbs func- 
t i o n  for  species  i. 

The react ion r a t e  of v o l a t i l e  compound is very high i n  the  range of 0.5-2 

For a system consis t ing of n-species AG = C N i  A 

I f  t h e  Gibbs funct ion has the minimum value then f o r  any complete set of 
independent react ion 

A procedure described i n  the  l i t e r a t u r e  as the  Newton or Newton-Raphson method may 
be  applied i n  order t o  solve the  equations and t o  obtain numeral values. 
computer calculat ions f o r  the  equilibrium data  were described i n  the  repor t  of 
Combustion Engineering, Inc. (21).  

The 
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- 203 The react ion of coal-char with the gases. 
reac t ions  can general ly  be wr i t ten  i n  the  Arrhenius form: 
E i s  t h e  ac t iva t ion  energy and the  parameter A i s  the  frequency fac tor  and does 
depend on t h e  number of molecules covering u n i t  surface area.  
depending on t h e  type of reac t ion  and the  carbon sample; f o r  example, f o r  the  
carbon-oxygen reac t ion  i t  is  from 20-80 Kcal/mole, f o r  the carbon-steam react ion i t  
is from 55-83 Kcal/mole [ I s l e y  sa l .  (14)] and f o r  t h e  carbon-carbon dioxide re- 
ac t ion  i t  is from 26-84 Kcal/mole. Johnson (15) reported the  k ine t ics  of bitumi- 
nous coal  char g a s i f i c a t i o n  with gases containing steam and hydrogen. 

The r a t e  constant f o r  the char 
K = A exp (E/RT) where 

These values vary 

The petrographic type and coal rank a f f e c t s  the  char r e a c t i v i t y  during gasi- 
f i c a t i o n  [Davis 
jec ted  t o  underground g a s i f i c a t i o n  should be  determined experimentally. 
of coa l  conversion fundamentals recent ly  prepared by the  I n s t i t u t e  of Gas Technol- 
ogy presents  a ca lcu la t ion  procedure (using a char of a known r e a c t i v i t y  fac tor )  
f o r  the  produced gas composition from a f lu id ized  bed g a s i f i e r .  However, f o r  an 
average flame f ront  ve loc i ty  of about 0.1 c m  per hr .  i n  the underground gasif ica-  
t i o n  and f o r  the  r e s u l t i n g  long residence time of char i n  a high temperature gasi-  
f i c a t i o n  zone, (30-130 hours) t h e  char r e a c t i v i t y  does not play a s igni f icant  r o l e .  

a. (1)J  so t h a t  the ve loc i ty  constant f o r  the coal  type sub- 
The manual 

The reac t ion  of coa l  with steam and t h e  r e s u l t i n g  gas composition i s  defined 
by the k ine t ic  of t h e  two primary and two secondary react ions:  

C + H20 = CO + H2 (1) 

C + 2 H20 = C02 + 2 H2 (2)  

cop + c = 2 co (3) 

CO + H20 = C02 + H2 ( 4 )  

By denoting Z i  as the  p a r t i c i p a t i o n  coef f ic ien t  of the  i reac t ion  i n  the  
mixture, w e  would o b t a i n  [according t o  B. M. Derman (3) ] :  

4 
dC--- 1 22 -1 

2 z3 + z1 - z dc l  and (e.g.1 - = 
d (C x) Vi 

- 111  2 + 2 7  + 7  ---r r! (C ) Z i  = 

Experimental data  [Ludin et&. (26)] show t h a t  the  conversion react ion occurs 
downstream from g a s i f i c a t i o n  zone is  catalyzed by the inorganic matter i n  the coal. 
Therefore, t h e  modification of the gas composition due t o  t h i s  reac t ion  should be  
included i n  t h e  l a s t  s t a g e  of a computation. 

- 204 A hybrid computer program was prepared by NASA (TMx-3403) t h a t  can solve chem- 
i c a l  k ine t ic  systems with many chemical species  f o r  e i t h e r  a flow o r  s t a t i c  re- 
ac tor .  

300 Energy balance and temperature p r o f i l e  calculat ion approach. 

- 301 The general  s o l i d  phase (coal-char) energy balance may be presented a s  fol-  
lows : 

[Thermochemical hea t  from reac t ions]  + [heat  input (output) by conduction] - 
l a t e d  i n  s o l i d  phase]. 

convective loss t o  flowing gas] + [Extended l o s s  e.g. ash] = [Net heat  accumu- 

Analysing the mass balance, the change i n  an accumulation of s o l i d  phase may 
be obtained from the  equation: 
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[Carbon used by oxygen] + [Carbon used by carbon dioxide] + [Carbon used by the 
react ion with steam] = - [Change of s o l i d  accumulation]. 

The primary combustion react ion r a t e  i s  control led by the  oxygen supply. 
dimensional peak temperature and temperature p r o f i l e  a r e  a funct ion of the  follow- 
ing parameters: 
heat  losses  and d iss ipa ted  energy resu l ted  by the  coal conduct ivi ty ,  water heating 
and evaporation, convective heat  t ransfer  from s o l i d  t o  flowing gases, and heat  
losses  i n  the le f tover  ash. 
char, are usual ly  considered as a port ion of t h e  carbon combustion reac t ions .  The 
approximated r e s u l t s  may be obtained using the  c a l o r i f i c  value of coa l  instead of 
the  heat react ion.  

One 

the  t o t a l  heat  generated by carbon combustion reac t ions ,  the  t o t a l  

The endothermic react ions,  e.g., between the  steam and 

In the  one dimensional energy balance the t o t a l  heat of the var ious react ions 
would be expressed: 

A Hi E u = t o t a l  heat  (1) 
i=l 

where x i  i s  s tochiometr ic  coef f ic ien t  of reac t ion  and p is a funct ion of the  so l id  
phase which r e a c t s  with oxygen (carbon dioxide; steam). 

320 We can now combine the  heat  t r a n s f e r  s ink  by conduction ( s o l i d )  and the  heat 
react ion represent ing uniformly d is t r ibu ted  heat  source and express it by the  
equation: 

a a t  a a t  a t  
ay ay aZ  & (K 2) + - (K -) + - (K j-) + X A H i  $&- p = pc - atime ( 2 )  

i=l 

( t  = tempe a ture)  
property (-) = a which is the  thermal d i f f u s i v i t y  coeff ic ient .  Several authors 
(American &id Russian) have confirmed t h a t  the  temperature peak of coa l  combustion 
depends on t h i s  coef f ic ien t .  However, the  porous-capillary property of coal-char 
mater ia l  requi res  fur ther  modification of the  equation due t o  the  convective 
t ransport  associated with forced air and the gas flowing through t h e  body. This 
should include t h e  coolant mass flow (Gc) and t h e  porosi ty  of the material (2). 
For one dimensional conduction equation (2) becomes: 

This equation can be e a s i l y  converted to  the form containing the E 

a x i  
XAHi,t!' 1 a t  & + G c ' C c  d t +  - -- 

dx K a atime ax2 Ke 
( 3 )  

Depending on t h e  boundary conditions var ious types of solut ion of t h i s  type of 
equation may be obtained. I f  we assume t h a t  the high temperature g a s i f i c a t i o n  zone 
may be represented as a porous p l a t e  cooled on our s i d e ,  then the  general solut ion 
of the equation (3)  becomes: 

( 4  ) 
t - t X  = .-P (ais) 

t a  - tx B i  + F 

where B i  i s  t h e  Biot number and F i s  a Fourier number. 

- 303 Further s t e p s  should include the heat  losses  by convection from the  s o l i d  t o  
t h e  flowing gases. 
t o  heating of t h e  ni t rogen and t h e  water vapors. 

The heat t ransfer  from s o l i d  surfaces  t o  the flowing gases and water vapo 

The s i g n i f i c a n t  port ion of t h i s  type of heat  loss  i s  r e l a t e d  

can  be 
conveniently expressed i n  terms of a nondimensional Nusselt number, Nu = -, I;, where 

K 
2 4 9  



h is  t h e  heat  t r a n s f e r  c o e f f i c i e n t ,  K i s  t h e  thermal conductivity of the  gas and 
D is a c h a r a c t e r i s t i c  dimension. 
Reynolds number. 

For turbulent  flow, Nu = f (Re) where Re i s  a 

A s ign i f icant  d i f fe rence  of opinion e x i s t s  a s  t o  whether or  no t  a turbulent  
flow type occurs during the  g a s i f i c a t i o n  i n  s i t u  [Hahn & Debrand (1311. It 
probably depends on t h e  l o c a l  circumstances of gas i f ica ion  such as cracks s i z e ,  
channeling, surface a r e a  of t h e  channels, e tc .  Therefore a p r a c t i c a l  so lu t ion  
would include an est imat ion of t h i s  l o s s  by t h e  equation: 

' convective = h (T average - T i n l e t )  V n i t rogen  (5) 

where V ni t rogen is t h e  flow r a t e  of ni t rogen i n  t h e  b l a s t  air ;  T i n l e t  gas temp- 
e r a t u r e ,  T average - temperature of gas i f ica t ion  zone. 

- 304 A s ign i f icant  e f f e c t  o f  the ash  content upon the  peak temperature of g a s i f i -  
ca t ion  zone was observed experimentally. Some experimental data  has shown t h a t  the  
exothermic react ion of ash formation does not  compensate f o r  the  l a t e n t  hea t  of the  
ash l e f t  i n  the  g a s i f i c a t i o n  zone. The estimated hea t  losses  would b8  proport ional  
t o  t h e  ash content i n  t h e  coal and t h e  r a t e  of t h e  coal  combustion (e): 

Am carbon 
time Qash = K1 . A Ash content * 

305 
the  water vapor l a t e n t  h e a t ,  should be included. 
t o  t h e  moisture content of t h e  coal  and the r a t e  of t h e  coa l  combustion: 

Based on the  water hea t  balance, the heat  use f o r  the  water evaporation and 
This heat  would be proportional 

Am carbon gyater = K2 A water content ___ time 

- 306 
a1  t o  the r a t e  of t h e  b l a s t  air. The coal combustion r a t e  i s  a l s o  control led by 
the  supply of oxygen and i n  t h i s  contex, the  oxygen supply r a t e  i s  t h e  only inde- 
pendent factor .  

The width and the r a t e  of advancement of the  g a s i f i c a t i o n  zone a r e  proportion- 

In->&-& - ~ - ~ - " . - ~ - . . - - - - ~ ~ - ~ ~ ~ i c ~  r r . , m c + * n r n c  the :rater s z p p l y  ( i n f l m )  czn he con+_rnlledi the 
r a t i o  of t o t a l  moisture/oxygen supply e f f e c t s  the  following parameters: 

a )  The equi l ibr ium and the k i n e t i c s  of the combustion reac t ion  a s  w e l l  
a s  changes i n  t h e  balance of the thermochemical heat  of t h e  gas i f ica-  
t ion  react ion.  

The change of t h e  temperature i n  t h e  g a s i f i c a t i o n  zones due to t h e  
enthotermic r e a c t i o n  of steam decomposition and t h e  heat  s ink  i s  
determined by t h e  heat  r e l a t e d  t o  t h e  water evaporation, l a t e n t  heat  
of steam and hea t  loses  t o  t h e  s t r a t a .  

b )  

The t o t a l  s o l i d  phase energy balance would include the  above mentioned in te r -  
r e l a t e d  expressions f o r  t h e  nonsteady heat t r a n s f e r  and the  d e f i n i t i o n  of t h e  
boundary conditions. The l i m i t a t i o n  of these ca lcu la t ions  l i e  i n  t h e  assumed 
boundary conditions. Fur ther  study is needed i n  t h i s  area. 
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